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Abstract: Automatic segmentation is important for esophageal OCT image processing, which
is able to provide tissue characteristics such as shape and thickness for disease diagnosis. Existing
automatical segmentation methods based on deep convolutional networks may not generate
accurate segmentation results due to limited training set and various layer shapes. This study
proposed a novel adversarial convolutional network (ACN) to segment esophageal OCT images
using a convolutional network trained by adversarial learning. The proposed framework includes
a generator and a discriminator, both with U-Net alike fully convolutional architecture. The
discriminator is a hybrid network that discriminates whether the generated results are real and
implements pixel classification at the same time. Leveraging on the adversarial training, the
discriminator becomes more powerful. In addition, the adversarial loss is able to encode high
order relationships of pixels, thus eliminating the requirements of post-processing. Experiments
on segmenting esophageal OCT images from guinea pigs confirmed that the ACN outperforms
several deep learning frameworks in pixel classification accuracy and improves the segmentation
result. The potential clinical application of ACN for detecting eosinophilic esophagitis (EoE), an
esophageal disease, is also presented in the experiment.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical coherence tomography (OCT) is an imaging technique proposed by Huang, et al. [1]
in 1991, which is able to image biological tissues in high resolution. It was first used in
ophthalmology to help detect eye diseases [1]. In 1997, Tearney et al. combined OCT with
the fiber-optic flexible endoscopes to enter the upper gastrointestinal tract [2]. Leveraging
on Tearney’s work, the OCT device can be used to image the microstructure of esophagus,
which helps to diagnose a variety of esophageal diseases, such as Barrett’s esophagus (BE) [3],
eosinophilic esophagitis (EoE) [4], and dysplasia [5]. Disease diagnosis using OCT equipment is
laborious since it relies on accurate interpretation of a large number of images, and a computer-
assisted analysis system can help deal with this problem. Researchers have developed automatical
systems for diagnosing esophageal diseases like BE by classifiers [6,7]. However, an explainable
diagnosis based on tissue characteristics such as shape, thickness and area is more attractive since
it is more intuitive and reliable than a “black box” classification system [8]. Tissue segmentation
is the key technique in such an explainable disease diagnosis process.
Representative methods for automatical esophageal tissue layer segmentation can be summa-

rized as follows. In 2016, Ughi et al. proposed an A-scan based method for esophageal lumen
segmentation [9], but it can hardly be generalized for segmenting internal tissue layers. Then in
2017, Zhang et al. [10] employed the graph-based method to segment five clinical-related tissue
layers, realizing multi-layer esophageal tissue segmentation. Inspired by Zhang’s research, our
group proposed an edge-enhanced graph search method to achieve more accurate esophageal
OCT image segmentation [11]. The graph-based method requires a priori knowledge like tissue
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width, which limits its application in some irregular cases. To solve this problem our group
designed an automatical segmentation system based on wavelet features and sparse Bayesian
classifier in 2019, which is more robust than the traditional gradient-based strategy [12]. Almost
at the same time, Li et al. proposed a U-Net based framework for an end-to-end esophageal layer
segmentation, which introduces deep learning algorithms to the community of esophageal OCT
image processing [8].
In recent years, deep convolutional network is becoming the primary approach in computer

vision tasks leveraging on its superior performance and easy implementation. Although the
typical application of deep convolutional network is classification [13–15], many researchers
attempted to use it to address problems of biomedical image segmentation [16,17]. In the
community of OCT image segmentation, deep learning based strategies are also treated as
the state-of-the-arts [18–20]. A commonly used idea is identifying tissue layer boundaries by
classifying image patches using a deep neural network. For example, Fang et al. segmented nine
tissue layers in retinal OCT images based on the patch classification result of a convolutional
neural network [21]. Kugelman et al. identified the retinal boundaries using recurrent neural
networks and graph search [22]. Although the segmentation results are promising, such methods
usually suffer from large redundancy and result in more inference time [22]. A more elegant
framework is pixel classifying by the fully convolutional network (FCN) [23,24]. This kind of
method takes advantage of convolutional networks and uses an encoder-decoder architecture to
assign each pixel to a label. A most widely employed work is proposed by Ronneberger, which
designed a U-shape FCN called U-Net to deal with biomedical images with small training set
[25]. Based on FCN, Roy proposed a ReLayNet for fluid segmentation in macular OCT image
[26]. Devalla designed the DRUNET for optic nerve head tissue segmentation in OCT image
[27]. Venhuizen et al. implement retinal thickness measurement and intraretinal cystoid fluid
quantification using the FCN framework [28].

These FCN based segmentation frameworks have achieved promising results. However, most
studies utilize a pixel-wise loss, such as softmax, in the last layer for the network, which is
insufficient to learn both local and global contextual relations between pixels [29]. To address
this problem, researchers have proposed several methods to refine the FCN output and ensure
topological relationships of the segmentation results. For example, Ganaye et al. proposed the
NonAdjLoss, a loss constraint that suppresses known-forbidden region adjacencies to improve
the network’s region-labeling consistency in anatomical segmentations [30]. Kepp et al. present
an automatical segmentation approach based on shape regression, which employs the signed
distance maps to implement spatial regularization and achieved plausible results in retinal OCT
image segmentation [31]. He et al. used a combination of two U-nets to segment retinal layers in
OCT images. The first U-net segments the several layers whereas the second one refines possible
errors in the prediction, thus generating strict topologically correct segmentations [32]. Similar
strategy is also presented in Wang’s research, which introduces a post processing network to
enforce the topology correctness [24]. The topological correction ability of these methods relies
on specifically designed cost functions [30,31] or additional post-processing networks [24,32].
The newly designed cost function is generally not easy to be applied for other tasks and additional
post-processing structures requires more computational resource.

In 2014, a novel deep learning framework called generative adversarial networks (GAN) [33]
was proposed for image generation, which attracts extensive attention from researchers since
its performances showed great advantages over the state-of-the-arts [34,35]. Recently, GAN
has also been applied to generate segmentation mask in Isola’s strategy called Pix2Pix [36].
Thanks to this original work and the following up Pix2PixHD [37], a series of conditional
GAN based strategies are introduced to medical image segmentation and generates several
attractive researches. Chen et al. used adversarial learning for connectomes segmentation on
electron microscopy (EM) images [38]. Liu et al. proposed a semi-supervised method for the
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segmentation of layer and fluid region in retinal OCT images using adversarial learning [39].
Tennakoon et al. also proposed a GAN based method for retinal fluid segmentation, which
was ranked fourth in the ReTOUCH challenge [40]. Li et al. employed GAN to construct a
transfer-learning framework for HEp-2 Specimen Image segmentation [41]. These architectures
based on GAN utilize adversarial learning to encode relationships between image pixels, thus
eliminating the need for additional post-processing steps. However, segmentation is implemented
by the generator, which is supposed to generate “real” images rather than classifying. In this
case, it may generate undesirable parts in the label map. Although additional constraints such as
L1 norm can alleviate such problems, the accuracy is not so satisfactory as pixel classification.

In this paper, we proposed a novel adversarial convolutional network (ACN), which adopts
adversarial learning to train a fully convolutional pixel-wise classifier. The architecture consists
of a generator and a discriminator. The generator takes an input image and generates a label map
close to the ground truth. The discriminator, which takes the original image and a label map as
the input, was trained to identify whether the input pair is real or synthetic. An additional branch
is added to the discriminator to implement pixel-wise classification. The architecture of the
generator and discriminator are almost the same which is inspired by U-net [25]. Following the
proposed framework, the classifier was trained by the adversary of generator and discriminator,
which indicates the classification ability was increasingly boosted during the process. The main
contributions of this paper can be summarized as follows:

• We describe a novel extension to GANs that enables them to train a U-net alike network
for OCT image segmentation.

• A novel architecture is designed for both the generator and discriminator which can be
applied to the segmentation task for esophageal OCT images.

• The proposed framework improves segmentation performance on esophageal OCT images
with no requirement of additional post-processing.

The rest of this study is organized as follows. Section 2 describes the detailed framework and
architecture of the proposed ACN. Section 3 presents experimental settings and segmentation
results of ACN on esophageal OCT images, including dataset description, comparison results with
widely used deep models and the potential clinical application for EoE diagnosis. Discussions
and conclusions are given in Sections 4 and 5, respectively.

2. Methods

2.1. Problem statement

Given an esophageal OCT imageI, the task is to assign each pixel to a particular label representing
a certain tissue. The algorithm proposed in this study will be verified on esophageal OCT images
from guinea pigs. A typical image is shown in Fig. 1(a). The tissue layers marked in the images
are the epithelium stratum corneum (SC), epithelium (EP), lamina propria (LP), muscularis
mucosae (MM) and submucosa (SM), labeled “1” to “5”, respectively. The remaining part of the
image is treated as the clinically irrelevant region and labeled by “0” as displayed in Fig. 1(b).

2.2. ACN framework

Figure 2 introduces the framework of ACN. In this figure, the “real pair” consists of an OCT
image slice and the ground truth label map, while the “fake pair” includes an image slice and
a label map generated by the network. The validity map is a matrix with the same size as
the input image slice with values ranging from 0 to 1 indicating if the input is a “real pair”.
Ideally, the validity map should be all ones if the input pair is real. The one hot label is a label
encoding method by which the categorical variable is converted into a vector that with a single
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Fig. 1. Demonstration of (a) a typical esophageal OCT image for the guinea pig and (b) the
corresponding manual segmentation result.

“1” and all the others “0”. For instance, if a pixel is from the tissue layer labeled by “2”, the
corresponding one hot label is “[0, 1, 0, 0, 0, 0]”. The ACN framework contains two primary
components called generator and discriminator. The generator of ACN is designed to obtain a
fake label map that is close to the ground truth. Then, the discriminator takes the ground truth
label maps or the generated masks along with the original OCT images as input. It is trained to
discriminate the synthetic labels from the ground truth and predicts the label for each pixel in
the meanwhile. Detailed structures of the generator and discriminator will be explained in the
following subsection.

Fig. 2. The ACN framework.

As mentioned in the literature [42], in adversarial learning, the generator is always trying to
fool the discriminator, which improves the performance of the discriminator and makes it more
powerful. Since the generator would produce numerous different outputs, the discriminator will
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be trained by images in different conditions even if the real training pair is limited. Moreover,
an adversarial network can encode high order relationships between image pixels [40], hence
eliminating the need for an additional post-processing step.

2.3. Architecture of the generator and discriminator

The generator is designed on the basis of U-Net. Its architecture is presented in Fig. 3, where
“ConvBL” indicates the convolution block, “ResBL” means the residual block, “C” represents
the concatenate layer, “Conv1” means a 1 × 1 convolution layer used for controlling output
channels. The number in the block means the output channel. For example, “ConvBL 32”
means this convolutional layer generates a 32 channel output. As seen in Fig. 3, the generator
architecture has an encoder-decoder structure including downsampling path and upsampling
path. The downsampling path gradually reduces spatial resolution and increase the semantic
dimension, thus representing the original image by an abstracted feature map. The upsampling
path restores the feature map to an image of the same size as the input. In this case, the output is
a mask with pixel-wise labels for the input OCT image. The concatenate layer is employed to
merge the information from the encoder and decoder, which is intended to fuse features from
different scales.

Fig. 3. Architecture of the generator.

The generator consists of two specifically designed blocks, namely the convolution block
and the residual block shown in Fig. 3. The convolution block is visualized in Fig. 3, which
includes two convolution layers, each is followed by a batch normalization layer [43] and a PReLu
activation layer [44]. The kernel size is set to 7 × 3 to ensure the network to focus more on the
intensity variation along the vertical direction [26]. The batch normalization layer is used to
compensate for the covariate shifts and is beneficial for a successful training [43,44]. PReLu
activation is chosen because it can introduce non-linearity in the training and prevent gradient
vanishment. Besides, the PReLu converges faster than ReLu [44].

The residual block was inspired by the Resnet structure [45]. By providing a shortcut
connection to transpose the input directly to the output, architecture with residual block has an
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effect equivalent to automatically adjust layer numbers. In this case, the residual structure is able
to accelerate the convergence of deep networks and improve the classification performance [45].
The residual block for the generator is shown in Fig. 3. The convolution kernel size is set as 7× 3
for the same reason as the convolution block.
The architecture of the discriminator is almost the same as the generator. Differences lie in

the output layer as visualized in Fig. 2. The first output generates a single-channel validity map
with the same size as the input image. The sigmoid activation is employed and a larger output
means that pixels are more likely to come from real pairs. This structure is different for the
validation map used by Liu et al. [39] which is optimized by the spatial cross-entropy loss and
represents the similarity of the ground truth label and the output of the segmentation network.
We use such a validity map since it is easy to be achieved in a full convolutional approach, and the
similar format with the segmentation output also makes it easy to be optimized simultaneously.
The second output is a six-channel softmax classification result, which assigns each pixel to a
certain tissue layer. In this case, the first output measures if the output of generator is real and the
second output provides the final segmentation result. Leveraging on this multi-task strategy, the
discriminator can discriminate the generated mask and segment the input image at the same time.
The trainable parameters of the entire ACN framework are about 42 million.

2.4. Loss function

The overall loss function of the ACN can be expressed as Eq. (1).

LACN = LcGAN(G,D1) + λ1Ll1 (G) + λ2Lclass(G,D2) + λ3Ldice(G,D2) (1)

In Eq. (1), G is the generator, D1 indicates the validity output of the discriminator and D2 is the
class label output of the discriminator. λi (i = 1, 2, 3) are hyperparameters. In this study, we set
them as λ1 = 100, λ2 = 10, λ3 = 1. This loss function is composed of four parts. LcGAN is the
objective of conditional GAN (cGAN) involved in Pix2Pix [36], which is formulated as Eq. (2),

LcGAN(G,D1) = Ex,y∼pdata(x,y)[logD1(x, y)] + Ex∼pdata(x)[log(1 − D1(x,G(x)))] (2)

where x is the provided conditional image, y is the ground truth label map. Ll1 is the l1 distance
loss between the synthesized image and the corresponding ground truth for the generator.

Ll1 (G) = Ex,y,z[‖y − G(x, z)‖1] (3)

Lclass is a measurement for classification performance, which is generally defined as Eq. (4).

Lclass = Ex,y∼pdata(x,y)[logP(C = c | x, y)] + Ex∼pdata(x) [logP(C = c | x,G(x))] (4)

This study uses the multi-class cross entropy, Eq. (4) can be further expressed as Eq. (5),

Lclass = −
1
N

N∑
i=1

gl(fi) log pl(fi | x, y) −
1
N

N∑
i=1

gl(xi) log pl(fi | x,G(x)) (5)

where N is the pixel number, gl(fi) is the target probability that pixel fi belongs to class l with
one for the true label and zero entries for the others. pl(fi) is the estimated probability of pixel fi
belongs to class l. pl(f ) is obtained from the discriminator as described in Eq. (6).

pl(f | x, y) = D2(x, y)
pl(f | x,G(x)) = D2(x,G(x))

(6)
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Ldice is the dice loss aiming at evaluating the spatial overlap of the predicted label and the ground
truth, which is defined by Eq. (7),

Ldice =

[
1 −

2
∑N

i=1 pl(fi | x, y)gl(fi)∑N
i=1 p

2
l (fi | x, y) +

∑N
i=1 g

2
l (fi)

]
+

[
1 −

2
∑N

i=1 pl(fi | x,G(x))gl(fi)∑N
i=1 p

2
l (fi | x,G(x)) +

∑N
i=1 g

2
l (fi)

] (7)

where the parameters is defined in the same way as Eq. (5).
Based on the LACN defined in Eq. (1), the objective generator and discriminator can be obtained

by the optimization defined in Eq. (8).

G?,D? = arg(min
G

max
D
(LcGAN(G,D1) + λ1LL1 (G))

+min
G

min
D
(λ2Lclass(G,D2) + λ3Ldice(G,D2)))

(8)

2.5. Training

To get the optimum G? and D?, this study solves Eq. (8) following a typical strategy which
optimizes G and D alternatively. In each iteration, we first train a D with G fixed and then
optimize G using the obtained D. The optimization is implemented by the Adam method [46]
with a learning rate 2× 10−3. Training is performed in batches of 40 randomly chosen samples at
each iteration (selected to saturate the GPU memory). After going through the entire training set,
an epoch is finished. When finishing 100 training epochs, the model with the lowest validation
loss is employed to measure the segmentation performance of the testing dataset for further
quantitative evaluation.
The ACN is trained using OCT image slices as shown in Fig. 2. Contrarily, in the testing

process, the new-coming image can be sent directly into the network, which benefits from the
size-free property of the fully convolutional network, thus obtaining a segmentation result without
any slicing induced artifacts [26]. Besides, data augmentation is employed in the training process
to overcome the sparsity of training dataset [25] and improve the network robustness to deal
with the imbalance in the data set between healthy and sick individuals. The data augmentation
techniques in this study include random rotation, horizontal flipping, random shearing, elastic
deformations [27].

3. Experiments

3.1. Data

In this study, 1100 OCT B-scans from guinea pig esophagus were used to evaluate the proposed
segmentation networks. These images were collected from different subjects using an 800 nm
ultrahigh resolution (axial resolution ≤ 2.5 µm) endoscopic OCT system, [47–49], including five
healthy samples and two EoE models [4]. As listed in Table 1, these images are divided into three
parts. The training set and validation set are used for the development of ACN, which consists of
700 OCT B-scans from four healthy subjects and one EoE subject. An independent dataset with
400 B-scans was collected for testing, which is imaged on another one healthy subject and one
EoE subject to ensure no overlaps between training and testing.

Each B-scan from our dataset is of size 2048× 2048 and is resized to 1024× 1024 with a scale
factor of 0.5. Considering the fact that the target tissue area exists in the upper half of the image,
we crop each B-scan along depth to the size of 512 × 1024, which is able to cover all anatomical
information. For the data used for training and validation, each B-scan is split width-wise into
8 non-overlapped slices sizing 512 × 128. Since our fully-convolutional network can process
images of arbitrary size, images in the testing set can be segmented without slicing.
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Table 1. Information of the dataset used in this study.

Dataset Traing set Validation set Testing set

Condition Healthy EoE Healthy EoE Healthy EoE

Images (Volumes × Frames ) 5 × 80 2 × 80 5 × 20 2 × 20 2 × 100 2 × 100

The annotated labels were generated by two experienced graders using ITK-SNAP [50], which
were used for network training and algorithm evaluation. The ACN was implemented in Keras
using Tensorflow as the backend. Training of the network was performed on a 12 GB Tesla K80
GPU using CUDA 9.2 with cuDNN v7.

3.2. Evaluation metrics

We use the following metrics to evaluate the proposed ACN framework, including the pixel-wise
accuracy (PWA), the dice similarity coefficient (DSC), the average symmetric surface distance
(ASSD) and the Hausdorff distance (HD). The PWA and DSC evaluated the segmentation
performance based on the overlap area, which are defined as Eq. (9),

PWA(A,B) =
|A ∩ B|
|A|

DSC(A,B) = 2 ×
|A ∩ B|
|A| + |B|

(9)

where A and B represent the surface of the ground truth label and the segmentation result,
respectively. The ASSD and HD are used to measure the boundary accuracy of the segmentation
result as formulated by Eq. (10),

ASSD(A,B) =
1
2
×

[∑
a∈A minb∈B d(a, b)

|A|
+

∑
b∈B mina∈A d(b, a)

|B|

]
HD(A,B) = max{max

a∈A
min
b∈B

d(a, b), max
b∈B

min
a∈A

d(a, b)}
(10)

where d(a, b) indicates the Eular distance of points a and b.

3.3. Comparisons with state-of-the-art

We compared the proposed ACN with several state-of-the-art methods in image segmentation,
which include the Segnet [51], U-Net [45] and Pix2Pix [36]. Typical segmentation results of
different methods for a normal OCT B-scan sample and an EoE one were shown in Figs. 4 and 5.
Raw B-scans and the corresponding label maps for the healthy esophagus are shown in

Figs. 4(a) and 4(b). It can be found that the layer structure is transparent and has a uniform
thickness. In the Segnet result (Fig. 4(c)), the layer structure is clearly identified and errors occur
on the background where certain pixels are considered as tissue. Such error occurs because the
pixel classification strategy of Segnet cannot guarantee strict topological relationships. U-Net
performs better than the Segnet as shown in Fig. 4(d), because the concatenate structure merged
the information from different scales, resulting in a more powerful classification ability. However,
U-Net utilized the same pixel classification strategy as Segnet. As a result, topology errors
still exist on the SC layer, where some tissues are treated as background, and some pixels are
classified as tissues from the SM layer. Segmentation performance of Pix2Pix is demonstrated
in Fig. 4(e). Unlike Segnet and U-Net, Pix2Pix segments OCT images by image transforming
to generate a label map on condition of provided images. Leveraging on adversarial learning
that encodes high order pixel relationships, Pix2Pix results show much fewer topological errors.
Figure 4(f) shows the segmentation result of the proposed ACN. This framework combines the
advantages of U-Net and Adversarial learning, thus labeling the tissues without layer corruption.
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Fig. 4. Demonstration of (a) a normal OCT B-scan sample from guinea pig esophagus; (b)
manual segmentation ; (c) result of segnet; (d) result of U-Net; (e) result of Pix2Pix and (f)
result of the proposed ACN.

For the EoE case, the original B-scan is presented in Fig. 5(a) and the corresponding label is
shown in Fig. 5(b). Affected by mucus, the plastic sheath used for protecting the probe cannot
stick to the esophageal wall, leading to a large curvature in part of the tissue. Similar to the
healthy case, segmentation results of Segnet (Fig. 5(c)) and U-Net (Fig. 5(d)) still suffer from
topological errors. The Pix2Pix (Fig. 5(e)) framework alleviates this problem and achieves more
complete tissues, but the classification accuracy is not improved. The proposed ACN framework
still achieves the highest classification accuracy with no obvious topological errors (Fig. 5(f)).
The overall performance of these deep networks in EoE tissue segmentation is inferior to that
in the normal case, which indicates the automatical segmentation of diseased esophageal OCT
images with mucus and irregular tissues is more challenging.
A more comprehensive evaluation is implemented on the testing dataset consisting of 400

B-scans (200 healthy and 200 EoE) as described in Table 2. In addition to the four deep learning
based methods, the table also lists the segmentation result of two graph theory based methods,
namely the GTDP [10] and the SBGS [12]. Moreover, manual segmentation result is also
presented in the table, where Grader #2 indicates the manual segmentation result of another
grader and Grader #1’ indicates a second annotation of the same dataset from Grader #1. The
automatical segmentation method with the best performance is bolded in the table.

It can be found that the deep learning based methods have higher PWA and DSC that the graph
theory based methods, indicating they can identify tissue regions more accurately. Moreover, the
deep learning based methods also present smaller ASSD and HD, meaning they also generate
tissue surface with fewer errors. Results of U-Net performs better than that of Segnet, confirming
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Fig. 5. Demonstration of (a) an EoE OCT B-scan sample from guinea pig esophagus; (b)
manual segmentation ; (c) result of FCN ; (d) result of U-Net; (e) result of Pix2Pix and (f)
result of the proposed ACN.

Table 2. Metrics of different segmentation methods on esophageal layer segmentation using the
annotation from Grader #1 as ground truth.

Methods PWA (%) DSC (%) ASSD (µm) HD (µm)

Deep Learning Based Methods

Segnet 95.55 ± 3.17 93.67 ± 2.43 6.21 ± 2.44 42.28 ± 11.67

U-Net 96.27 ± 3.09 94.45 ± 2.37 5.87 ± 2.29 40.06 ± 10.42

Pix2Pix 94.69 ± 2.98 94.62 ± 2.72 5.74 ± 2.15 35.53 ± 9.16

ACN 97.17 ± 2.56 95.33 ± 2.18 4.57 ± 1.99 28.82 ± 8.24
Graph Theory Based Methods

GTDP 84.45 ± 6.17 81.67 ± 7.43 10.34 ± 5.44 50.89 ± 16.70

SBGS 86..63 ± 5.04 83.55 ± 6.25 8.63 ± 4.17 47.82 ± 14.33

Manual Segmentation

Grader #2 96.01 ± 2.74 94.24 ± 2.42 5.66 ± 2.48 22.18 ± 6.27

Grader #1’ 97.88 ± 2.17 95.92 ± 2.14 3.25 ± 1.11 8.74 ± 6.21
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the advantages of the concatenate structure. Moreover, U-Net also achieves more accurate
segmentation than Pix2Pix, indicating pixel classification is more precise though the tissue layer
identified by Pix2Pix seems more reasonable visually. The proposed ACN framework achieves
the best performance in all automatical cases, which implies the advantages of the combination
of pixel classification and adversarial learning.
The last two rows of Table 2 present the annotation accuracies of graders. The segmentation

results of Grader #2 performs similar to the deep learning based methods with an accuracy
around 96%. Errors mainly come from some subjective reasons due to the different image
interpretation of graders. Besides, the manual segmentation result from the same grader also
presents variability in the same dataset since manual annotation may be affected by the working
environment and the grader’s own conditions. Results proved that the proposed automatical
segmentation method can achieve results comparable to manual segmentation.
To evaluate the segmentation performance for each layer individually, the DSCs of different

methods for five tissue layers are calculated and listed in Table 3. The SC layer acquires the
highest DSCs in all the cases, which is not only because it has relatively large areas, but also
results from the fact that this layer is adjacent to the probe thus generating clearer boundaries.
For similar reasons, the EP layer is also segmented with high DSCs though it is not of larger area
than the other three layers. The proposed ACN framework performs best when segmenting the
first three layers among all the tested automatical segmentation algorithms, which confirms its
advantages in this task.

Table 3. DSCs of different segmentation methods for five tissue layers.

Methods SC (%) EP (%) LP (µm) MM (µm) SM

Deep Learning Based Methods

Segnet 97.84 ± 1.51 94.76 ± 1.56 85.96 ± 5.10 82.64 ± 3.07 83.99 ± 4.15

U-Net 97.97 ± 1.37 95.05 ± 1.88 84.21 ± 4.81 82.00 ± 3.56 86.79 ± 3.13
Pix2Pix 97.65 ± 1.56 92.30 ± 2.97 78.05 ± 2.84 77.02 ± 3.57 79.34 ± 4.07

ACN 98.86 ± 1.01 96.47 ± 1.82 86.47 ± 4.12 81.17 ± 3.01 83.01 ± 4.29

Graph Theory Based Methods

GTDP 86.67 ± 2.28 80.18 ± 4.80 78.10 ± 4.40 73.96 ± 5.43 77.36 ± 4.69

SBGS 88.85 ± 1.76 83.86 ± 3.15 81.71 ± 3.16 79.46 ± 3.99 79.95 ± 4.39

Manual Segmentation

Grader #2 97.56 ± 1.66 94.81 ± 1.73 84.44 ± 4.60 82.32 ± 3.51 82.01 ± 3.97

Grader #1’ 98.76 ± 1.03 96.92 ± 1.75 87.25 ± 3.81 83.68 ± 2.99 85.42 ± 3.67

Figure 6 shows the Bland-Altman plot indicating the reliability of the thickness measurements
using the proposed ACN algorithm in comparison with the reference annotations from Grader #1.
In Fig. 6, LOA represents the limit of agreement with the 95% confidence interval. It can be
found that the ACN result generates differences from the annotation labels with around 8 µm
within a 95 % confidence interval.

3.4. Potential applications of ACN in EoE diagnosis

Automatic diagnosis of esophageal diseases relies on characterizing features such as tissue
thickness and shape, which can be obtained from the segmentation result. As an important
type, EoE is often featured with increased basal zone thickness [4] (Fig. 5). In this case, we
calculated the layer thicknesses of five esophageal tissues based on the segmentation output of
ACN. Results obtained by ACN and manual segmentation for the testing set are shown in Fig. 7.
As was seen from this plot, both the manual and automatical results show that the SC layer for the
EoE cases is thicker than the healthy cases, thereby confirming that the layer thickness change
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Fig. 6. Bland-Altman plot of the proposed ACN framework compared to the segmentation
result from Grader #1 for testing images from (a) the normal case and (b) the EoE case.

is an indicator for EoE. In addition, it is clearly observed that the esophageal segmentation of
ACN is consistent with the manual segmentation. For all layers, ACN results show a smaller
standard deviation, implying the automatical segmentation works more robustly. Obtaining
diagnosis-assistant features from ACN is convenient and accurate, which indicates it is of great
potential for practical clinical applications.

Fig. 7. Statistical results of layer thicknesses for guinea pigs of different health conditions,
where Auto indicates the result of ACN and Manu represents the thickness achieved from
the human grading.

4. Discussions

Developing an automatical segmentation system for esophageal OCT images is challenging for
numbers of reasons, such as high variability in the appearance of pathology on images, speckle
noise and motion artifacts inherent in OCT images. Nowadays, deep learning has become the
primary approach in OCT image segmentation since it does not require handcrafted features,
and learn features independently on the basis of the training data, thus avoid considering those
mentioned problems. However, existing deep frameworks have some limitations adopted directly
in esophageal OCT image processing. Our experiments showed that the FCN based methods
adopting pixel-wise loss are insufficient to learn topological relationships. As a result, Segnet
and U-Net generate ill-posed labels as shown in Figs. 5(c) and 5(d). The GAN based methods
like Pix2Pix is able to encode high order relationships between image pixels, thus generating
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more continuous label maps with fewer topological errors. However, the segmentation accuracy
is not satisfactory comparing to pixel classification as listed in Table 2.
Our framework uses adversarial learning to train a fully convolutional network. In this case,

the discriminator is simultaneously optimized by a hybrid loss function including multi-class
cross-entropy, GAN loss, L1 loss and dice loss, enabling the network to learn topological
relationship and achieve high classification accuracy. As a result, the proposed ACN performs
human-like labeling robustly and precisely. Experiment results in Figs. 4(f) and 5(f) confirmed
these advantages of ACN. Moreover, extracting diagnostic features using ACN is also convenient.
In the experiments, we calculated the SC layer thickness as an indicator for EoE, which showed
an evident difference between healthy and diseased esophagus, thus demonstrating the potential
of ACN in further clinical applications.
The proposed ACN can be further improved. Firstly, hyperparameter optimization [52]

can be adopted to acquire a more accurate classification network. As shown in Eq. (1), the
loss function has three hyperparameters to control the weight of different aspects. In this
study, these hyperparameters are set experimentally. Hyperparameter optimization can generate
more reasonable weights for the network. However, the improvement may not be that evident
considering the computation cost. Secondly, more complex networks or some newly developed
architectures can also be included in ACN. For example, the U-shape convolutional network in
ACN can be changed by more complex semantic segmentation frameworks like DeepLapv3+
[53] and ICNet [54]. The GAN loss can be replaced by loss functions used in LSGAN [55] or
WGAN [56]. It is not easy to demonstrate which one is the best, but the idea that segmenting
images in an adversarial way is able to boost the original performance.
In the current study, the experiments were based on OCT images with layered esophageal

structures from guinea pigs. Esophagus from human shares the same structures as guinea pigs
with five tissue layers to be segmented. As a result, the same procedure can be transferred directly
to processing esophageal OCT images from human subjects. In the future, endoscopic images
collected from other esophageal disease models or human subjects will be studied to improve the
proposed method.

5. Conclusions

In this study, we introduce the ACN, which uses adversarial learning to train a convolutional
network for esophageal OCT image segmentation. The proposed framework takes advantage of
pixel classification and adversarial learning, thus generating human-like segmentation results.
Experiments on segmenting OCT images from guinea pig esophagus demonstrated that the
proposed ACN outperforms the widely used deep learning framework including Segnet, U-Net
and Pix2Pix. In addition, the ACN is also able to delineate the OCT images from EoE guinea pig
models, which confirmed its potential ability in esophageal disease diagnosis. The proposed
ACN introduces a new image segmentation strategy, and its application in esophageal OCT
images may facilitate the application of OCT techniques in esophageal disease detection. ACN is
convenient for further improvements, such as performing hyperparameter optimization or adding
newly developed structures. It is also easy to be transferred for other tasks, such as segmenting
esophageal OCT images from other disease models or human subjects. These properties make it
appealing for applications in clinical.
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